We update the constraint on the dark matter annihilation cross section by using the recent measurements of the CMB anisotropy by the Planck satellite. We fully calculate the cascade of dark matter annihilation products and their effects on ionization, heating and excitation of the hydrogen, hence do not rely on any assumption on the energy fractions that cause these effects.
Introduction
Dark matter (DM) constitutes more than 20% of the present energy density of the universe. Despite tremendous efforts to directly or indirectly detect DM particles, we still do not know its particle physics nature. However, recent developments in experiments make constraints on DM properties severer, especially for the so-called weakly-interacting massive particle (WIMP) DM.
In the WIMP DM scenario, the DM particle has a self-annihilation cross section of the order of the weak scale, which can lead to a right amount of DM relic abundance consistent with observations. The "canonical" value of the self-annihilation cross section to reproduce the observed amount of DM is σv ≃ 3 × 10 −26 cm 3 s −1 .
One of the stringent constraints on the DM annihilation cross section comes from the gammaray observations of dwarf spheroidal galaxies by the Fermi satellite [1] . The derived upper bound on the cross section is actually close to the canonical value (1) for the DM mass of ∼ 100 GeV depending on the final state of the annihilation products. Another constraint on the DM annihilation cross section is obtained from the big-bang nucleosynthesis (BBN) [2] [3] [4] [5] [6] [7] , which also gives stringent upper bound for the hadronic annihilation channel. A robust constraint on the DM annihilation cross section is also obtained from the measurement of the cosmic microwave background (CMB) anisotropy. DM annihilation around the recombination epoch injects extra energy that contributes to ionization of the neutral hydrogen and also to heating of them, hence it modifies the standard recombination history [8] [9] [10] . Thus the precise measurements of the CMB anisotropy have a high sensitivity to the amount of extra energy injection around the recombination epoch, which gives a robust constraint on the DM annihilation cross section . This constraint is robust in a sense that it does not suffer from astrophysical uncertainties, such as DM density profile in galaxies or clusters.
In this letter we update constraints on the DM annihilation cross section by using the newest data from the Planck satellite. The Planck collaboration derived a constraint on the combination of f eff σv with a parameter f eff corresponding to energy fraction that is absorbed by the gas [29] . Many past works just left f eff as a free parameter or used an approximation given in Ref. [9] in terms of the ionization fraction of the hydrogen x e , which, however, is not always justified. #1 We adopt the method developed in our previous works #1 Refs. [30, 31] extended the analysis of Planck [29] to accurately calculate the effect of DM annihilation without such an approximation. [13, 20] to calculate the cascade of DM annihilation products during/after the recombination, taking all the energy losses, scatterings, ionizations and excitations into account and their effects on the CMB anisotropy without relying on such an approximation.
CMB Constraint
Let us describe our method. We fully simulated how the background plasma at a redshift z is affected for any initial injected energy E at a higher redshift z ′ taking account of all the relevant processes. Technical details of our calculation are found in Refs. [13, 20] and not repeated here. Below we just briefly summarize our procedure. The procedure is first to tabulate
which respectively represent the fractions of injected electron (superscript e) and photon (superscript γ) energy E at the redshift z ′ that is compensated for ionization (subscript i), heating (subscript h) and excitation (subscript e) at the redshift z(≤ z ′ ). Then the ionization fraction of the hydrogen atom (x e ) receives an additional contribution as
where
E Ry = 13.6 eV is the Rydberg energy, m χ the DM mass, n χ the DM number density, n H the number density of the hydrogen and F represents the final state of the DM annihilation. We consider F = 2γ, e + e − , µ + µ − and W + W − in the following. Here dN (e,γ) F /dE is the electron/photon spectrum resulting from the cascade decay of the final state F . #2 This is calculated by the PYTHIA package [32] . The gas temperature T b is also modified in a similar manner as
#2 The factor 2 in front of dN where
The main effects of the increase of the ionization fraction on the CMB anisotropy are twofold. One is suppression of the power spectrum at small angular scales due to the broadening of the last scattering surface. The other is the enhancement of the polarization power spectra at low multipoles because of the increased probability of the Thomson scattering. Thus observations of both the CMB TT power spectrum and polarization spectra are useful to constrain DM annihilation cross section.
We included the contribution of these effects in the RECFAST code [33] , a part of the CAMB code to calculate the CMB anisotropy [34] . We have modified the CosmoMC code [35] to include them and scan the DM mass and cross section as well as other cosmological parameters to derive constraints on them. We have varied σv within [ We adopted the recent Planck data of the CMB primary anisotropies (hereafter denoted as "CMB"). Likelihood is computed based on the angular spectra of the TT+TE+EE correlations at high-ℓ (ℓ ≥ 30) and TT+TE+EE+BB at low-ℓ (ℓ ≤ 29) [36] . In order to solve parameter degeneracy, we optionally incorporate other cosmological data (collectively denoted as "ext") including the CMB lens power spectrum from Planck [37] , the baryon acoustic oscillation in galaxy correlation functions [38] , the JLA compilation of type-Ia supernovae [39] , a measurement of Hubble constant H 0 = 70.6 ± 3.3 km/s/Mpc from [40] , and the CHFTLenS cosmic shear power spectrum [41] . Figure 1 plots our constraints in the σv -m χ plane and the 1-dim posterior distributions of a quantity σv /m χ from the CMB-only and CMB+ext datasets. One can see from the former plot that constraints on WIMP annihilation in the σv -m χ plane virtually degenerate along constant σv /m χ . As in the literature, it would be hence convenient to quote the constraints in terms of σv /m χ . When all the data mentioned above are combined (i.e. "CMB+ext"), the 95% upper bounds on σv /m χ for each annihilation channel are 1.3 × 10 −27 cm 3 /sec/GeV for 2γ, 1.0 × 10 −27 cm 3 /sec/GeV for e + e − , 2.9 × 10 −27 cm 3 /sec/GeV for µ + µ − and 2.5 × 10 −27 cm 3 /sec/GeV for W + W − . We summarize the 95% upper bounds on σv /m χ from different datasets in Table 1 . As can be read from the table, inclusion of the ext data to CMB improves the constraints slightly. 
Discussion
In this letter we have derived the updated CMB constraint on DM annihilation into 2γ, e + e − , µ + µ − and W + W − fully taking into account the cascade of dark matter annihilation products and their effects on ionization, heating and excitation of the hydrogen. The result can apply to various models of DM, in particular to Wino DM in supersymmetric models since Winos annihilate into W + W − with branching ratio almost 1. Thus, we can exclude the Wino DM lighter than ∼ 250 GeV, assuming that Wino is a dominant component of DM.
#3
Compared with previous studies, our constraints from CMB alone are less tight than the results of Planck [29] for the channel e + e − , in which it is assumed that energy from DM annihilation is instantaneously converted into the gas with a constant efficiency f eff ≃ 0.67. Admitting less model-independence, our analysis has an advantage over previous ones which assumed constant efficiency in the point that we consistently take into account the time-
The thermal relic abundance of Wino can explain the present DM abundance only for the Wino mass of ∼ 3 TeV [42] . For lighter Wino, some nonthermal production mechanism, such as the decay of gravitino, is required to explain the observed DM abundance. evolution of the energy conversion from DM into the gas. On the other hand, our constraints from CMB alone are largely consistent with Ref. [31] , which does not assume a constant efficiency and calculated the time evolution of DM annihilation products and their effects on the gas carefully based on the methods developed in Refs. [19, 27, 30] . Thus our result may also be regarded as an independent cross-check of their method. Finally let us mention comparison with other constraints on DM annihilation. The derived CMB constraint on DM annihilation cross section is much tighter than that from BBN for the leptonic annihilation channel. For the hadronic annihilation channel, our result is comparable to the BBN constraint [7] . The gamma-ray observation of the dwarf spheroidal galaxies [1] also gives stronger constraint for the hadronic channel and comparable upper bound for the leptonic annihilation channel. We stress that the CMB constraint is robust and does not suffer from astrophysical uncertainties compared with BBN/gamma-ray constraints.
